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Information  is  presented  on  the  feasibility  of  using a rectanguler 
free  water  jet  to  obtaic hydrodynamic date  at  very  high  speeds.  The 
3-inch  by 3/4-inch jet  investigated  was  actuated  by  conpressed  air  which 
forced  the  water  through a cozzle at speeds from about 80 t o  200 ft/sec. 
Total-heed  pressure  distributions  in  the  jet up to 8 inches  dokinstream 
of the  nozzle  exit  are  presented  end  expertmental hydrodynemic lilt  data 
are  givec  for two models  plar?ing  on  the  3-inch--dde  surface of the  jet. 
These  plsning  dzta  are cowered w5th  similar  dzta  obtained  ir  the  Lar?gley 
towing  tanks. 

The  data  obtained  in  this  investigation  indicate that it is  feasible 
to use z ?ree  water  jet  as 2. hydrody~amic test  f.=cility  for  obtaining 
planing date at  very  high  speeds.  The  main  Sroblem  appears to be  the 
esteblishment  of an .&equate method of correcting  the  jet  data  for  the 
linited  boundaries  of a reasonable-size  jet.  Consideration Jms been 
given t o  a simgle  emgirical  method of correcting  placing  data for the 
jet  bounderies.  This  nethod  gave  reasonable  results  for  the  linited 
datz. av.silEb  le. 

The  rapid  increese in the  lapding  speeds  of  current airphnes has 
czused EL corresponding  increase  in  the  water  speeds Et which  seaslaces 
operzte. As a result,  the  gap  between  the  sseeds  avgilable  in  existing 
hydxodynmic  testing  facilities  and  fuJl-scele  speeds has widened to an 
extent  sufficient  to  make  it  adviszble  to  ascertain  whether  these  dilfer- 
ences in speed  are  causing  any  sip-ificant  differences  in  force  coefli- 
cients. In an  attempt  to  close thk gap, an investigetion has been  =de 
of the  feesibility of obtaining  bydrodpamic  data  at  full-scale  speeds 
by  utilizing a rectangulzr  free  water  jet  actuated by compressed  air. 



A smL1 model ol" such a t e s t   f ac i l i t y   v i th  a nozzle 3 inches wide 
by 3/4 inch deep WES constructed end the  jet  characteristics  investigated 
for sqeeds from 80 to 200 ft/sec. I n  order t o  o5tein sone indication of I 

the  potentieli t ies or' the  jet   as a hydrodynanic t e s t   f ac i l i t y ,  hydrody- 
nmic  l i f t  forces were  rceasured on two models,  one having a f l a t  bottom 
an6 the  other a coq lex  bottom, planing on the 3-incn-wide surface of 
the  Jet .  
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average acceleration through nozzle,  ft/sec2 

acceleration a t  a given cross section  in nozzle, ft/sec2 

be.m  of  models, in.  

hydrodymnlc lift coer"f icient 

hydrodynamic l i f t  coefficient  obtained from j e t   h t a ,  - 288L 
p 2 b e  

hydrodyllanic lift coefi'icient  obtained from tank data 

&eft a t   t r a i l i n g  edge of model  (measured from upper edge of 
nozzle exi+,), in. 

height of t ra i l ing  edge  of  model  ebove lower edge of 
jet, 22 - a, in. 

lift, lb  

vetted  length,  d/sin T, in. 

s t a t i c  press-are i n  tmk at  level of  nozzle,  lb/sq il?. (gage) 

static  pressure e t  given cross section i n  nozzle, lb/sq in. 
(gage ) 

dynamic  Sress-ure i n  jet, lb/sq in.  (gage) 

aree of nozzle exi t ,  sq in. 

area of given cross section i n  Ilozzle, sq in. 
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v speed equivalent t o   s t a t i c   p r e s s m e   i n  tank a t   l e v e l  of 
7 

Eozzle, ,Jx, 1UP f t /sec 

vs s;?eed i n  Set equfvdent t o  measured dynmic  pressure, 

Tt/sec 

v speed a t  a given  cross  section of nozzle, f t /sec 

v n length of  corrtrzctb-g  section of nozzle, 8.5 in. 

X distance downstreem  of nozzle  entrance measured aloEg nozzle 
axis,  in. 

X '  distance downstream of aozzle  exit measured along  nozzle 
axis,  in. 

Y transverse  distance from vertical  plane or" symmetry of nozzle 
a t  a given  cross  section,  in. 

Z h 1 P  ver t icz l  dimension of nozzle exi t ,  0.375 in. 

Z vertical  distance from horizontsl  plane of synmetry bf nozzle 

I- trim (angle between model reference  line and horizontal), deg 

P mss density of water, 1.94 slugs/cu f t  

a t  a given  cross  section,  in. 
c 

A schenztfc dravi-n-g of the jet apparatus is shown in  f igure 1. 
High-pressure air is used t o  force  vater from the tar& through the 
nozzle t o  form the  free-jet  tes-L sectLon. The weter k-nk consists of 
a seamless steel tube capped e t  both ends m-d holds &bout 25 cubic f e e t  
of us8ble  water volume. A diff'user a t  the  tank end of the eir line  pre- 
vents  the sir Tram LmpingiEg direct ly  on the water surface and mixing 
turbulently  xith  the  water. A gressme  transmitter  picks up the s t a t i c  
pressure a t  the  nozzle and records it on the  oscillogrzph. The over-all 
response of the  pressure  recording  agparatus i s  zpproximztely 40 cps. 
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Details  of  the  nozzle  are  given in figure 2. All sides  of  the  con- 
traction  have  the  same  elliptical skpe end  are  within  the  limit for 
noncaviteting f low set us for  elliptical  profile  contractions  in  refer- 
ence 1. T!e ellistical  proriles  fzir  smoothly  into a flat  surface  built 
up on the  inner  surface of the  cylindrical tank The calculated  varia- 
tion of area,  speed,  acceleration,  and  static  pressure  along  the  length 
of the  contracting  section  ere  plotted  in  nondimensional  form  in  fig- 
ure 3 .  The  sharp chmges in  the slop= of the  speed  and  acceleration 
cu-rves  near  the  nozzle  entrance do not  indicate  whet OCCUTS in  reality. 
Actually,  the mter begins  moving  horizontally  somewhere  upstream of 
the aoazle entrance. 

A picture  of  the  water  jet  flowing  at 130 ft/sec  is shown in fig- 
ure 4. The  pressure  gage shown mezsures  the  static  pressure  at  the 
nozzle  entrance  but has an equivalent  speed  scale  superimposed on the 
gressure  scale. 

Totel-Heed  Pressure  Survey 

The  asparatus  used  in  naking a total-head  pressure  survey or" the 
water  jet  is  shown  in  figure 5. A total-heed  tube  having  an  outside 
dimeter of 0.03 inch an& an inside  d.iameter of 0.02 inch w e s  attached 
perpendicular to the  leading  edge of a streadine  strut so that  the  tube 
projected 0.25 inch  in  an  upstream  direction.  The  strut kLed a chord of 
0.5 inch snd a maxim thickness of 0.05 inch. m e  strut  was  mounted 
vertically  between  two  transverse  lead  screws  geared to the shzft or' a 
constant-speed  motor  which  drove  the  strut  al?d  total-head  tribe  in a 
transverse  direction  at a rate of =bo=% 0.8 in./sec.  The  transverse 
location  of  the  total-head  tube  relative to the  vertical  inner  edge of 
the  nozzle  exit wes recorded,  by  means of a cam-operated  microswitch, 
silrmltarLeously  with  the  total-head  -pressure  at  the  tube End with  the 
static  pressure  in  the  tank  at  the  level of the  nozzle.  Pressure-survey 
tests  were mde with a constant  tank  pressure so as to obtain  constant 
jet  speeds. 

Dynamic-pressure  surveys  of  jet cross sections  were mde at sta- 
t ions 0.5, 4, and 8 inches domstrean of the  nozzle  exit x '  for jet 
speeds of epproximtely 80, 130, and 200 f-l/sec.  At  each  longitudinal 
station  the  transverse  pressure  distribution  was  recorded  at a number 
of  vertical  gositions z .  Because  the  jet  was  considered  symxetrical, 
only one-quarter of its  cross-sectional  area w s  investigated  as  shorn 
in figare 5. 

Since  the  effect of gravity  on  the Jet may be  neglected (for 
x' = 8 inches, a particle  of  water  emitted  from  the  jet at 200 ft/sec 
will drop 0.002 inclr; m-d at 80 ft/sec 0.013 inch),  extensions  of  the 
planes of syrnmetry  of tbe nozzle  vere  taken as t'h planes of symmetry 



. for   the  je t  also.  W e e  records  take= a t  a distance of 4 inches down- 
stream of the  nozzle ex i t   fo r  a speed of about 200 ft /sec  are shown i n  
figure 6 f o r  z = 0, 0.325, and 0.375.  These figures shoki the  simulta- 
neous records made by the  position  recorder end the  pressure  transmitters. 

Model Tests 

Tne technique used t o  make t e s t s  f o r  obtaining  phning  data was a 
l i t t l e   d i f f e r e n t  f r o m  that used t o  make pressure  surveys. An i n i t i a l  
chsrge of high-pressure air was sealed off  in the  top of the water  tank 
so tht vhen the nozzle w e s  opened the  decreasing  vater  level  alloved 
t h i s   a i r  t o  expand. The corresponding  decrease i n  pressure  resulted i n  
a gredual decrease i n  j e t  speed. This gradual. decrease i n  speed made it 
possible  to cover  a speed range fron 200 t o  80 f t /sec  in  a single test. 

mdrodynamic l i f t  was measured f o r  a flet-bottom  nodel having e 
1-inch  bean sad for  a coDglex-bottom  moiiel having  a verizble beam 
zveraging  epproxilrztely 1 inch. The models are  shown in figure 7 and 
photographs of the models planing on the 3-inch-wide surface of the   j e t  
are sho-m i n  figure 8. Tests were mde a t  trims of 8O and 120 for  wetted 
length-beam rat ios  of 1, 2, 3, ard 4 except t-t, a t  12O, a wetted  length- 
beam ra t io  02 3.6 w a s  used because higher values would cause the t r a i l i ng  
edge of the model t o  project through the bottom surface of the jet. Li f t  
forces were recorded on the  oscillopeph si_multaneously with  the  static 
pressure i n  the tank. . 

Trim XES measured as the  angle between the model reference  line and 
the  horizontal.  Draft was the verticel  distance betweer? the t r a i l i ng  
edge or" the planing  surface and the nominal jet surface  (taken  as the 
upper edge of the nozzle ex i t ) .  Wetted lengfn was obtatned  by  dividiog 
the  drzft  by the  sine of the angle of trim. The wetted area used i n  
obtaining l i f t  coefficients was the product of t h i s  wetted  length and 
the be= (1 inch). The speed V was obtained Trom the  formla 

vhere P wes the   s ta t ic  gage pressure i n  the  tank. 

FZSULTS A'RTD DISCUSSION 

General 

W 

Figure 9 shows top and side  photogxphs,  taken  simultaneously, of 
the flow a t  200 ft /sec through  a  transparent  plastic  extension  of  the 

I 
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nozzle (2.5 inches  long). The sharp  picture of the star  pasted  to the 
underside os' the extension  demonstrates the c la r i ty  of flow beI'ore it 
cme  in  contact with the atmosphere. (The  clouc?y streak appearing i n  
one corner was due to  inperfect  alinement of the  extension  with  the 
nozzle  exit. ) As soon as  the water emerged  from the extension i ts  sur- 
f w e  inmediately became streaked  vith  xhite. This experinent  indicates 
that the  whitish appearance  of the je t  is dxe to   entrs iment  of the 
surrounding &ir and not due to   the  re leese of air from the je t  ES the 
pressure dropped t o  that  cf the stmosghere i n  tbe straight sortion of 
the nozzle snd its extension. 

Dpamic Pressare  Tlistribution 

In order  to make the results readily comparable t o  the conventional 
boundaq-layer  plots  for  incompressible  flows, the total-head  survey  data 
are  presented as the speed re t io  V@. The value of Vq is  the speed 
that  would be  obtained if  a l l  the j e t  were water  only. In  the  region 
where air and weter are mixed,  however, ths density i s  less  than t h a t  
of  vater and Vq is not s t r ic t ly   the  speed in  tht region. 

Thee of the  transverse speed distributions  obtained  parallel  to 
the wide  su-rrf&ce, 4 inches dovnstream of the  nozzle  exit (x' = 4) a t  e. 
speed  of 200 ft/sec,  are shown i n  figure lO(a). These curves were 
obtained from the  three  records shown in  f igsre  6 .  They  show the  pres - 
sures i n  the plane of symcetry (z  = 01, i n  a plane 0.05 inch from the 
edge of the  nozzle (z = 0.325), and in  a  plane a t  the edge of the  nozzle 
(nominal surface, z = 0.375). Corresponding vertical   distributions 
para l le l   to  the nerrow surface of the Jet  are shown in  figure  10(b). 
Vertical  distributions Tor y = 0.7 and 1.0 also  are shovn i n   t h i s  Tig- 
ure. These data were obtained from a l l  the trvlsverse  records  taken a t  
x' = 4 inches and v = 200 ft /sec.  

In  generEl, the je t  appeared to  consist  of a  sizable  core of t o t a l -  
pressure  conversion where Vs eqpaled V and a  surface zone where Vq 
decreased from V t o  zero. Frobably a  lerge  part, i f  not  substantially 
a l l ,  of the su-rface zone vas a  mixture of mter and emtrained air. The 
gradation  in  dpa?.?ic  pressure O T ~  the surface  thus may be due t o  changes 
in  density as -well as  speea. If necesssry, this mixing zone on the sur- 
face probably  could be reduced substantially  either by operzting the j e t  
i n  a vacuum or  by blowing a i r  over the surface  of the je t  in  the direc- 
t ion of flow. 

In figure 10 the  speed-ratio  distributions show a shaE  chmge 
through the surface and then  the  ratio Vq/V remains steady a t  e value 
of 1 for both  the wide and cerrow surfaces. The speed-ratio  distributtons 
0.05 inch  froE  the nominal s-mfaces show the speed variation  near  the - 

. 



- 
inner  boundary of the  mixing  zone  in  the  center  section  of  the  jet.  In 
the  flat  portion of .these  curves,  the  ratio V a p  wds  about I for  the 
wide  surfece  and  zbout 0.93 for  the  narrow  surface. The speed-ratio 
distributions  at  the  nominal  surfaces  show  the  speed  variation  inside 
the  mixing  zone. On the  wide "omnal surface,  nost  of  the  curve  was 
still  roughly  Tlat  with en average V@ of  zbout 0.85. On the =mow 
noaind surface  there  was no Plat  portion to the  curve  and  the  highest 
vzlue  wzs  about 0.6. Fluctuz-tions  ir?  velues  of  speed  ratio  similar  to 
those shown in  the  curve  for z = 0.375 inch in figure  lO(a)  possibly 
would  have  apgeared  in  the  corresponding  curve  for y = 1.50 inches  in 
figure 10('0), hsd  pressure  traverses  been  =de at more  vertical  stations 
between z = 0 and z = 0.3 inch. 

c 

Cross  sections  through  the  jet  taken 0.5, 4, am3 8 inches  downstream 
of the  rozzle  exit  at  speeds of' apgro-sely 80, 130, and 200 ft/sec 
are shokn in figure 11. Longitudind  sections  through  the  horizontal 
and  vertical  planes  of  symmetry  are sho-m in  figure 12. Faired contows 
of constant  speed  ratios  are  plotted  for v@ of 0, 0.2, 0.4, 0.6, 0.8, 
acd 1.0. The outline of the  nozzle  exit is included  to show the  location 
of the  nominal  surfrces.  Within  the  scope of this  investigation,  the  var- 
ietions  in  jet  characteristics  with  speed  were  minor  &Ed  did Eot appear 
to  establish 2. consisteGt  trend. 

The  thiclmess of the  mixing  zone  just  downstream  of  the  nozzle  exit 
(x' = 0.5 inch) wes the same  for  the  wide  and  the  =Trow  surfaces,  about 
0.1 Cnch. With  increase  in  distance  downstreem of the  nozzle  exit  to 
x' = 4 inches,  the  thiclmess of the  rnixiDg  zone on the  wide  surface  did 
not  increase  nuch;  but OIL the mrrov surface  it  approximately  doubled. 
With  further  incresse  in  dlstance  downstrean of the  nozzle  exit  to 
x *  = 8 inches, the thichess 03 the  mixifig  zone on both the wide  and 
narrow  surfaces  5ncreased to approximztely dodle the  thickness  at 
x' = 4 inches.  The  thicker  nixing  zone  on  the mrraw surface  srobably 
was  due, for the mst part, to the  thickening  at  the  corfiers. 

Just  downstream  of  the  nozzle  exit (x' = 0.5 inch)  the  width  of 
the  center  section  of  the  jet  surface,  for  which  the  mixing-zone  chsr- 
acteristics  remained  fairly  uncbzmged, was about 90 percent  of  the 
3-inch-wide surfme and &out 80 percent  of  the  3/4-inch-wide  surface. 
With imrease  in x'  to 8 inches,  the  width of the  center  section 
decreesed to about 60 percent  for  the  wide  surface end to  &bout 25 per- 
cent  for  the  nErrov  surface. 
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Phning Tests 

Planing l i f t  coefficients  for  the  flat-bottom model, obtained i n  
t h e   j e t   a t  80 ft /sec,  are given in   table  I, together  with coznparable 
data  obtained i n  Langley tenk no. I. Data are  presented  for trims of 
80 and 12s (fig. 13) and wetted length-beam rat ios  of 1, 2, 3t 3 .6 ,  
and 4. The toxing-tank data. were taken f'rom reference 2 and are  for  a 
model 4 inches wide. In  figure 13, the  ratios of the l i f t  coefficient 
obtained i n  %he tank t o  that  obtained i n  the  je t  C ~ , / C L ~  are  plotted 
against the rz t io  of the  height of the  t re i l ing edge  of the model  zbove 
the lower jet  boundary t o  the wetted length h/2. The data  fell   close 
t o  a single curve f o r  the trims and length-beam ratios  investigated. 

According to  this curve, the l i f t  coefficient  obtaiaed  in the 
C$ was about 2.3 tines that  obtained in   the  je t  C L ~  when the 

planing  surface  penetrated  the j e t   t o  i t s  lower boundary h/Z = 0. As 
the t ra i l ing  edge was  moved up, away fro= the lower j e t  boundary (h/Z 
increased)  the  ratio CQ/CL, decreased t o  about 1.2 at  h/2  of about 
0.6. The lift coefficieats obtained in  the tar& were always greater 
than  those  obtained i n  the je t .  These results  indicate  that  the  varia- 
t ion of the  ratio CQ C L ~  with h/2 may be due primarily t o  the bound- 
a r ies  of the limited j e t  stream. If so, the curve i n  figure 13 should 
be applicable  as  a j e t  correctioll  factor f o r  flat-bottom  plening models 
and nerhaps other types. 

1 

Planing l i f t  coefficients  for  the complex-bottom  model obtained i n  
the jet  et about 80 ft/sec  are given in   table  11, together w i t h  compara- 
b le  datr.  obtained in Langley tank no. 2. Data are  presented f o r  E. trim 
o f  go and wetted  lengths of 1, 1.5, 2, 3, and 4. The toning-tank data 
were taken from unpublished data and are  for a model averaging  approxi- 
aately 2.5 inches in  width. The l i f t  coefficients  obtained i n  the j e t  
a t  several  values of h/i! for the comglex-bottom  model  were multiplied 
by the corresponding value of CIQ/CL~ obtained f o r  the flat-bottom 
aodel (fig. 13). 

In  figure 14 these  "correctedl'  values of CL are coznpared with  the 
l i f t  coefficients obteined in  the tank. The  good agreement between the 
jet  date  corrected in this way  End the  tank  data  indicates that the simple 
correction procedme used may be broadly  apglicable. However, these  data 
sre  not of sufficient scope t o  estEblish  the  limitations of th i s  procedure. 
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Tae data  obtaiEed  in  this  investistion  indicate  that  it  is  feasi- 
ble  to  use EL free  -water  jet  as a hydrodynamic  test  facility for obtaining 
plening  data  at  very high speeds. m-e =in problem  appears to be  the 
esteblishment of an adequate  Eethod of correctirg  the  jet  date for the 
limited boumkries of a reesonable-size  jet.  Consideration has been 
given  to a simple empirical  method  of  correcting  planing data for the 
jet  boundaries.  This  method  gave  reasoneble  results  for  the  limited 
date  available. 

Langley Aeronautical  Laboratory, 
Nationel  Advisory  Committee  for  Aeronautics, 

Lmgley Field, Va.,  April 8, 1954. 
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“Cross faired  data. 

TAB= 11.” EXPERIMENTKL PLANING DATA OBTAINED FOR A COMPL?3X-BWTOEI 

MODEL AT A S ~ D  03 80 FT/SEC 

. 
a Crossfeired datz. 
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Figure 1.- Schematic drawing of equipment. 
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Figure 2.- Jet  nozzle. 
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Figure 3 .- Calculated  nozzle  chmacteristics . 
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Figure k.- View of j c t  at a speed of 130 ft/sec. 
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Figure 5 .- Appar~Lu6 for mddng total-head. pressure survey. 
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(a) z = 0. 

(b) z = 0.325 inch. 

(c) z = 0.375 inch. 

Figure 6.- Records of transverse total-head pressure distribution taken 
4 inches downstream of  nozzle e x i t  at about 200 ft/sec. 
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(a) Flat-bottom model. 

. .  

(b) Coqlex-bottom mdel. 

L-80865.1 
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L-79654.1 

Figure 7.- Models tested. 
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(a) Flat-botton; model. 
L-83651. 

F f w e  8.- Photo&;rE;phs of models planing on jet. T r i m ,  8'; wetted-length- 
bean ratlo, 2. - 
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L-83652 
(b) Complex-bottom model. 

Figure 8.- Concluded. 



Figure 9.- Ehtraiment of air (V = 200 I"t/sec). 
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F i p r e  13.- Ratio  of  flat-bottom-model hydrodynamic l i T t  coefficients 
obtained in   t he  tank t o  those obtained i n  the jet .  V = 80 Pt/sec. 
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Figure 14.- Comparison of complex-bottom-model hydrodynanic lift data  
obtained i n   t h e  tank with the data obtained i n  the jet .  T = 9'; 
V = 80 ft /sec.  
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